Background: The prefrontal cortex is crucial for top-down regulation of aggression, but the neural underpinnings of aggression are still poorly understood. Past research showed the transcranial direct current stimulation (tDCS) over the ventrolateral prefrontal cortex (VLPFC) modulates aggression following exposure to risk factors for aggression (e.g., social exclusion, violent media). Although frustration is a key risk factor for aggression, no study to date has examined the modulatory role of tDCS on frustration-induced aggression. Objectives: By exploring the VLPFC involvement in frustration-aggression link, we tested the hypothesis that the anodal tDCS over right and left VLPFC modulates frustration-induced aggression. We also explored whether tDCS interacts with gender to influence frustration-induced aggression. Methods: 90 healthy participants (45 men) were randomly assigned to receive anodal or sham tDCS over the right or left VLPFC before being frustrated by an accomplice. To increase reliability, several tasks were used to measure aggression. Results: We found that anodal tDCS over the left VLPFC, compared to sham stimulation, increased aggression. Unexpectedly, no main effect was found following tDCS of right VLPFC. However, we also found a significant interaction between gender and tDCS, showing that males were more aggressive than females following sham stimulation, but females became as aggressive as males following active tDCS. Conclusion: Overall, these results shed light on the neural basis of frustration-induced aggression, providing further evidence for the involvement of VLPFC in modulating aggressive responses, and on gender differences in aggression. Future research should further investigate the role of stimulating the VLPFC on frustration-induced aggression.
Despite the prominent role of frustration on aggression, no research has examined the neural mechanisms involved.
The regulatory role of the pre-frontal cortex on aggression
Past research has examined the role of the prefrontal cortex on aggression and violence [2e5] . The prefrontal network is crucial for a top-down control over subcortical regions involved in processing threatening stimuli, including frustrations [6e8]. Particularly, the ventrolateral prefrontal cortex (VLPFC) is critical for self-control and emotion regulation processes [9e13] including control over aggressive impulses.
Both hemispheres are involved. Studies of the right hemisphere show that the rVLPFC can play a role in decreasing a wide range of negative emotions that can trigger aggression [12,14e21] . Studies also show that the degree of rVLPFC activity, as well as the degree of negative interplay between the rVLPFC and the amygdala, significantly correlated with self-reported negative emotions [13,22e24] . The rVLPFC is also involved in controlling the impulses [25e30], which might include aggressive impulses.
Studies of the left hemisphere show that the lVLPFC is recruited especially in reappraisal-related emotion regulation strategies [16, 31, 32] , and impulsivity control [29, 30, 33] . Moreover, it has been hypothesized that the rVLPFC is involved in both conscious and unconscious control, whereas the lVLPFC is only involved in conscious control [34] . Self-control is critical when it comes to inhibiting aggressive impulses. Indeed aggression often starts when self-control stops [35] .
Anger is associated with approach motivation [64] . Approach motivational processes are associated with greater left than right fontal activity, whereas avoidance motivational processes are associated with greater right than left frontal activity. This asymmetric frontal cortical activity could affect the onset of aggressive responses. Thus, this experiment examines the role of both hemispheres on frustration-induced aggression.
Using tDCS over the pre-frontal cortex to study aggression
The neural mechanisms of aggression can be studied using noninvasive brain stimulation approach, such as Transcranial Direct Current Stimulation (tDCS). TDCS is a noninvasive neuromodulatory technique that delivers weak electrical currents through a pair of electrodes placed on the scalp. The electrical currents affect the excitability of cortical neurons beneath the electrodes in a polarity-dependent fashion: anodal stimulation typically enhances neural excitability, whereas cathodal stimulation reduces it [36] .
Focusing on the modulation of aggression, past research has found that anodal tDCS applied over the rVLPFC decreases aggressive reactions elicited by several stimuli, including social rejection [38] and exposure to violent video games [39] . These results suggest that it is possible to influence the neurocircuitry implicated in successful self-regulation by modulating the cortical excitability of brain regions involved in the top-down regulation of aggression. However, to our knowledge, no study has tested whether tDCS applied over the VLPFC modulates frustrationinduced aggression. This study attempts to fill this gap in the literature, exploring whether the effects of tDCS on aggression can be differently modulated by the type of aversive stimuli, in this case frustration, as compared to other stimuli investigated in past studies, such as social exclusion or video games [38, 39] .
Studies of the left hemisphere show that applying tDCS to increase relative left frontal cortical activity results in angry people behaving more aggressively [40, 41] . Particularly, receiving a provocation after tDCS stimulation to left frontal cortex leads people to choose louder and longer noise blasts towards an ostensible partner [40] , and reduces aggression inhibitions [41] .
Gender differences in frustration-induced aggression
Previous research has shown that males are less tolerant of frustration than females [42, 43] . However, no study has investigated whether tDCS can affect gender differences in frustrationinduced aggression.
Previous research has found that tDCS interacts with gender to strengthen some crucial cognitive abilities. For instance, one study found that anodal tDCS over the medial prefrontal cortex enhanced performance on a theory of mind task in females more than males [44] . Another study found that anodal tDCS of the left temporal cortex improved emotion detection abilities in females more than males [45] . Still another study found that anodal stimulation applied over the VPFC increased utilitarian responses on a moral judgment task in females more than males [46] . In this study, we explored the possibility that tDCS stimulation might influence the gender differences in frustration-induced aggression.
Overview
This study investigated the modulatory role of the VLPFC on the link between frustration and aggression. Participants were first frustrated by means of an unsolvable task and were then randomly assigned to receive either anodal tDCS to the rVLPFC, anodal tDCS to the lVLPFC, or sham tDCS. Following stimulation, aggression was measured using three well-validated behavioral paradigms. In line with previous studies, we predicted a decrease in aggression following anodal stimulation of the rVLPFC [38, 39] . Based on other studies, we also predicted that anodal tDCS to the lVLPFC would increase aggression [40, 41, 47, 48] . Finally, we explored gender differences in the effects of tDCS onfrustration-induced aggression.
Method

Participants
Participants were 90 healthy adults from Milan, Italy (45 males and 45 females, mean age ¼ 22.27, SD ¼ 2.46). Of these, 73% were university students. However, we excluded psychology students who might be suspicious about procedures. Because results were similar for university students and non-students, data from the two groups were combined. All participants had normal or corrected to normal vision, and reported no history of neurological or psychiatric disorders, and no contraindications to tDCS [49] . Participants received 10V (about $11) in exchange for their voluntary participation. The study was approved by the ethics committee of the University of Milano-Bicocca and conducted in accordance with the ethical standards of the revised Helsinki Declaration.
Frustration task
To induce frustration, participants were asked to solve number sequences that were unsolvable [50] . Specifically, participants were asked to complete 6 numerical sequences that an online partner of the same gender chose for them. The partner could select among 6 easy sequences (e.g. 16-14-12-10-8-6-4-?) and 6 difficult sequences (e.g. 9-6-18-19-7-5-10-?). The "difficult" sequences were actually unsolvable. The ostensible partner chose 6 difficult sequences and 0 easy sequences for the participant to solve. Participants had up to 30 s to solve each number sequence. To increase stress, a digital clock showed the time counting down. After 30 s, participants saw the message "incorrect response". To increase motivation, participants were told that they could earn an extra 1V for each sequence they solved (in actually, all participants received 10V). Participants were given two easy training sequences to solve to make sure they understood the procedure. There actually was no partner; the task was controlled by a computer. To assess whether the frustrating task induced more negative emotions than positive emotions, participants completed an adjective checklist that contained 9 negative emotions (angry, anxious, hurt, injured, irritated, mad, nervous, pained, tense; Cronbach a ¼ 0.91) and 3 positive emotions (cheerful, delighted, happy; Cronbach a¼.93) on a scale ranging from 1 (not at all) to 7 (extremely).
TDCS
TDCS was delivered using a battery-driven, constant current stimulator (BrainStim, EMS, Bologna, Italy, http://brainstim.it), through a pair of saline-soaked sponge electrodes. Participants were randomly assigned to one of three conditions: (a) anodal tDCS over the rVLPFC, (b) anodal tDCS over the lVLPFC, or (c) sham tDCS. In accordance with tDCS safety standards [49, 51] , the 20 min of stimulation was administered at 1.5 mA, with a 5 Â 5 anode (0.06 mA/cm2 current density) and a 7 Â 5 cathode (0.042 mA/cm2 current density). A fade-in/fade-out phase of 10 s was used at the beginning/end of the stimulation to diminish its perception. The 10e20 system was used to place electrodes. To stimulate the rVLPFC, the anode was placed over F6 (Montreal Neurological Institute coordinates: 58, 30, 8; 6) ; the contralateral homolog area (F5) was targeted for the stimulation of the lVLPFC. In both conditions, the cathodal reference electrode was placed over the contralateral supraorbital area. Fig. 1 shows a three-dimensional (3D) numerical computation of the electric field generated by tDCS according to the used montage, based on an MR-derived finite element model and computed using Comets Matlab toolbox ( [52] http://www.COMETStool.com). For sham tDCS, the same electrode montage was used, placing the anode over one of the target areas, which was randomized across participants. However, the stimulation was active only for 10 s at the beginning and 10 s at the end of the 20 min stimulation period, which ensured that participants felt the initial itching sensation without any modulation of cortical excitability [53] . To keep both the experimenter and the participant blind to condition, condition codes were set through the BrainStim software, which controlled the tDCS device. At the end of the experimental session, participants were asked to rate how much pain they experienced (0 ¼ no pain to 10 ¼ the maximum conceivable pain).
Procedure
The experiment was conducted in two sessions (see Fig. 2 ). In the first session, participants completed online three self-report questionnaires thought to measure individual difference relevant to frustration-induced aggression: (a) the Physical Aggression subscale of the Buss Perry Aggression Questionnaire [54, 55] , which consists of 9-items (e.g. "Sometimes it happens to me that I am not able to control the desire to beat another person"; Cronbach a¼.78); (b) the Negative Urgency subscale of the Urgency, Premeditation (lack of), Perseverance (lack of), Sensation Seeking, Positive Urgency, Impulsive Behavior Scale [56, 57] , which consists of 12-items (e.g. "I have difficulty controlling my impulses"; Cronbach a¼.87); and (c) the Trait Anger Scale [58] , which consists of 10-items (e.g. "I am a hot-heated person"; Cronbach a¼.85). All items were scored using a 7-point scale (1 ¼ not at all to 7 ¼ extremely). We used these three questionnaires to ensure that the groups did not differ on these traits prior to receiving tDCS stimulation.
The second session occurred a week later in a laboratory at the Department of Psychology, University of Milano-Bicocca. To determine whether anger levels were similar before the frustration induction, participants first completed the State Anger Scale [58] , which contains 7 items used to describe how they felt at that moment (e.g., "Angry"; 1 ¼ not at all to 7 ¼ extremely; Cronbach a¼.92). Next, tDCS stimulation was administered. As a cover story, participants were told that the researchers were studying the effects of non-invasive stimulation on mental visualization on a series of tasks. Five minutes before the end of the tDCS stimulation, participants completed the frustration task. Following tDCS stimulation, three tasks were used to measure aggression. The first task was the competitive reaction-time task (CRTT; [59] ), which was supposedly completed with an ostensible partner of the same gender. The task, which took about 8 min to complete, required the participant and the partner to press a button as fast as possible on each of 9 trials. The winner on each trial gave the loser noise blasts through headphones. The noise was a mixture of unpleasant noises (e.g., finger nails scratching on chalk boards, dentist drills, blow horns, sirens). Before each trial, participants set the level (ranging from 60 dB -level 1 e 105 dB -level 10) and the duration (from 0.5 to 5 s) of noise their partner would receive if their partner lost that trial. A non aggressive no-noise option (level 0) was also provided. At the end of each trial, participants saw the noise intensity and duration levels the partner set. Before the competition, participants received sample noise blasts at levels 2 (low noise) and 8 (high noise) to ensure they knew the noise was indeed unpleasant. The first trial was used to assess unprovoked aggression because participants had not received any noise blasts yet, and the following 8 trials were used to assess provoked aggressiveness. The partner set the maximum intensity and duration of noise on trial 1, and random noise levels on the remaining 8 trials. The participants lost trial 1, and half of the remaining 8 trials (randomly determined). The intensities and durations of noise participants set for their partner across all trials were the first aggression measure.
In the second task, participants chose 6 numerical sequences for their partner to solve among the 6 easy and 6 "difficult" (actually impossible) sequences. The number of "difficult" sequences participants chose for their partner was used as the second aggression measure.
In the third task, participants chose 11 Tangram puzzles for their partner to solve [60] . Participants could select the level of difficulty of the Tangram puzzles among 30 puzzles (10 easy, 10 medium, 10 difficult). Participants were informed that the partner could win 10V if they successfully solved all 11 Tangram puzzles within 10 min. The number of difficult Tangram puzzles participants chose for their partner was the third aggression measure. A debriefing followed.
Statistical analyses
Data were analyzed using SPSS Statistics (Version 25.0). We considered three indices of aggressiveness (i.e., mean of intensities and durations across all 9 trials on the CRTT, number of impossible number sequences, number of difficult Tangram puzzles). The correlations between these aggression indices were quite strong (see Table 1 ). The three measures had good internal reliability (Cronbach a¼.72). A principal component analysis also obtained a single factor of aggression, which explained 64% of the variance. To obtain a more reliable measure of aggression, the three indices were standardized and averaged (see Supplementary Materials for analyses of each aggression measure separately).
Data were analyzed using a 3 (stimulation condition: tDCS to the rVLPFC, tDCS to the lVLPFC, sham tDCS) x 2 (gender: male, female) between-subjects Analysis of Variance (ANOVA). Fisher's Least Significant Difference (LSD) was used for post hoc comparisons. 
Results
Preliminary analyses
Individual differences
ANOVA found that trait anger [F(2, 86) ¼ 2.85, p ¼ .06], physical aggressiveness [F(2, 86) ¼ 0.32, p ¼ .73], and negative urgency scores [F(2, 86) ¼ 1.84, p ¼ .17] did not significantly differ across conditions. Thus, the groups were similar in their initial level of aggressiveness before the frustration induction.
State Anger Scale
ANOVA found that state anger levels did not differ across the three tDCS conditions [F(2, 87) ¼ 0.10, p ¼ .90]. Thus, initial anger levels were similar across conditions.
Frustration task
As expected, participants experienced more negative (M ¼ 3.44, SD ¼ 1.51) than positive emotions (M ¼ 1.70, SD ¼ 1.03) following the induction of frustration, t(89) ¼ 7.933, p < .001,d ¼ 1.35. Thus, it appears that the frustration task produced negative feelings.
Pain from electrodes
Similar to past research (Nitsche et al., 2008) , participants reported experiencing slight pain from the electrodes (M ¼ 1.65, SD ¼ 1.36). Crucially, self-reported pain did not vary across the three experimental conditions, c2(2) ¼ 0.86, p ¼ .65. Thus, the sham condition was successful.
Primary analyses
ANOVA found a main effect for stimulation condition, F(2,84) ¼ 3.57, p ¼ .033. Post hoc comparisons showed that participants who received anodal stimulation to the lVLPFC behaved more aggressively (M ¼ 0.24, SD ¼ 0.14) than participants who received sham stimulation (M ¼ À0.28, SD ¼ 0.14), p ¼ .009, d ¼ 3.78. Unexpectedly, we did not find differences between rVLPFC tDCS and sham stimulation (p ¼ .17, d ¼ 1.98), or between rVLPFC tDCS and lVLPFC tDCS (p ¼ .22, d ¼ 1.80). Analysis showed a significant main effect of gender, with higher levels of aggression in males (M ¼ 0.15, SD ¼ 0.11) than in females (M ¼ À0.18, SD ¼ 0.11), F(1,84) ¼ 4.24, p ¼ .043, d ¼ 3.03. However, active stimulation seemed to reduce the gender difference, as indicated by a significant tDCS by gender interaction, F(2,84) ¼ 3.52, p ¼ .034 (Fig. 3 ). Males were more aggressive than females following sham stimulation (p ¼ .002, d ¼ 4.82), but females were not less aggressive than males following active tDCS, regardless of whether it was administered to the left (p ¼ .002, d ¼ 4.61) or right (p ¼ .007, d ¼ 4.07) hemisphere.
Discussion
Although past research has found that frustration increases aggression [1] , the neural mechanisms of the frustrationaggression link have not been fully investigated. To our knowledge, this is the first study to test the effect of non-invasive brain stimulation effects on frustration-induced aggression. We explored the possible modulatory role of the anodal tDCS applied to the VLPFC, a cortical area involved in self-control [10, 13, 18, 34] , on frustration-induced aggression.
We found that increasing the cortical excitability of the lVLPFC significantly increased aggression following frustration. This result is consistent with the motivational direction model of frontal asymmetry [61] , in which approach motivations are related to greater left than right frontal activity [47, 48, 62, 63] . According to this model, because anger is associated with approach motivations, people are more likely to behave aggressively when angry [40, 41, 64] . In our study, we first exposed participants to frustration, which is known to be associated with anger, and then gave them a chance to aggress against the fictitious partner who had frustrated them on several standard laboratory aggression paradigms. Our results suggest that anodal stimulation over lVLPFC likely enhanced the approach motivations as shown by an increase in aggressive reactions.
Moreover, we found a significant interaction between gender and tDCS on frustration-induced aggression. Specifically, we replicated the finding that males are more aggressive than females in the sham (control) condition [42, 43] . Importantly, our study is the first to show that left-and right-side stimulation eliminated this gender difference, because after tDCS males were no more aggressive than females. Different explanations might account for these null gender differences. One possibility is that the way females handle environmental demands becomes more similar to that of males after tDCS, even at the expense of socially acceptable behaviors. This explanation is consistent with the findings from a moral judgment study that found gender differences in utilitarian and socially desirable responses were eliminated after anodal stimulation of the ventral prefrontal cortex [46] . We can hypothesize that anodal tDCS drives females to adopt an "eye for an eye" strategy following frustration, overcoming their tendency to behave in a less aggressive and more socially desirable manner.
Second, it could be that tDCS is more effective for females than males. It is well known that there is high variability in the tDCS effects on cognition and behavior (for a review see Ref. [65] ) and that many inter-individual factors moderate these effects, including gender (e.g. Refs. [66, 67] ). Previous research has found greater effects of tDCS on females than males across several tasks (e.g., gono-go, Theory of Mind; [44, 45] ). However, the existence of a differential effect of tDCS on males versus females can be clearly inferred only when the outcome measures are the same at a baseline (i.e. are not influenced by gender). This was not the case in our study. Another possibility is that the strong difference between males and females' aggressive reactions we found at the baseline could conceivably be a possible ceiling effect for males, nullifying any modulatory effects of tDCS.
Regarding the right hemisphere, we expected to find that anodal stimulation decreases aggression. However, our current results are inconsistent with previous findings [37e39]. Two possible explanations could account for this unexpected result. First, previous studies focused on affective valence, such as by asking participants only to rate their negative emotions following the experimental task [37] , whereas the present study focused on approach motivation. When the focus is on affective valence, negative emotions are more likely related to greater right than left frontal activity. However, when the focus is on motivation direction (e.g., approach), negative emotions are more likely related to left than right frontal activity [64] . Several studies have demonstrated that the chance of tDCS long-lasting effects, likely affecting brain plasticity, relies upon ongoing brain activity [68, 69] . TDCS stimulation depends upon the functional networks active while processing aversive stimuli. Therefore, applying tDCS over rVLPFC during tasks involving either affective valence or motivation direction could lead to different results. During tasks involving affective valence, tDCS over the rVLPFC did effectively decrease negative emotions evaluation (e.g. Refs. [21, 37] ). In our experiment, because the focus was on motivation direction (i.e., a "partner" first frustrated participants, and then we allowed them to aggress against their "partner"), consistent with the model of prefrontal asymmetry, we found a significant effect of anodal tDCS over lVLPFC on aggression, but no effect of anodal tDCS over rVLPFC on aggression.
A second explanation is that frustration is qualitatively different from other factors known to cause aggression (e.g., social exclusion, violent video games). Several fMRI studies reported specific abnormal activations in the prefrontal network in response to frustration [70] . However, results are still inconsistent. Indeed, some studies showed a decrease of activation in the frontal regions [71] , whereas other studies showed an increase of activation in the right ventral prefrontal, medial prefrontal, anterior cingulate and dorsolateral prefrontal cortex in response to frustration [72, 73] . Moreover, frustration-related neural responses are not linear, because several factors affect their variability, including trait aggressiveness [71] and susceptibility to frustration [73] . Thus, future research is needed to investigate the neural mechanisms involved in aggressive responses to frustration, compared to other factors linked to aggression. We believe that this will allow researchers to build more precise models of the neural underpinning of aggression when trigged by different factors.
This study, like all studies, has limitations. Our design allowed us to test the effects of frustration on aggression above and beyond the effects of provocation, which was held constant across conditions (i.e., all participants were provoked on the first trial of the CRTT). However, the first limitation is that we did not include a nofrustration control condition. Because all participants were frustrated, we could not explore possible stimulation differences across our three stimulation groups between frustrated and nonfrustrated participants. Including a no-frustration control condition would be key for future studies. Future studies could also take advantage of the possibility of assessing baseline levels of negative emotions and aggressiveness to detect changes over time linked with frustration and neuromodulation.
Another possible methodological limitation is that we did not consider a third group of participants comparing the stimulation of the VLPFC with stimulation of a control area. Future studies with larger samples could stimulate different cortical areas. For example, posterior regions, such as the temporoparietal junction, which is involved in the mentalizing network, could affect frustrationinduced aggression [74] . In our study, we asked the participants to report previous neurological and psychiatric disorders. Although this procedure is common when testing healthy participants, we can not rule out the presence of anxiety or depressive disorders the participants were not aware of. Future research should also consider running a proper battery of tests screening for clinical, neurological and psychiatric disorders rather than relying on selfreports.
Another possible limitation is the well-known low spatial resolution of tDCS. Although in the present experiment a larger amount of current was caused by the small distance between the two electrodes, computational models of current flow have shown that tDCS usually results in a spread of electric fields that occur underneath the stimulating electrodes as well as in the regions between them [75] . Thus, we cannot rule out the possibility that the stimulation affected other areas within the prefrontal cortex, such as the dorsolateral prefrontal cortex, that have a key role for top-down monitoring [10, 11, 13] . Further research with more focal techniques (e.g., TMS) could specify our results. Future research should also considering adopting cathodal stimulation over the target regions to test for differential effects linked with tDCS polarity. 
Conclusion
Our results show that modulating the cortical excitability of left and right VLPFC affects frustration-related aggression. Our experiment extends previous research on the modulatory role of VLPFC in a wide range of domains [9,11e13,76] . It also extends previous research on gender differences in aggression. More generally, our results support the feasibility of applying non-invasive brain stimulation techniques to study self-regulation processing and contribute to the growing knowledge about the neural underpinnings of aggression regulation. However, the lack of a reduction on aggressive tendencies in the context of frustration suggests that caution should be exercised when considering clinical or therapeutic uses of tDCS to address anger and aggression.
